The apolipoprotein E (APOE) gene is an established risk factor for sporadic Alzheimer's disease, with elevated risk for ε4-carriers and reduced risk for ε2-carriers. However, it is unclear whether APOE modifies risk for cognitive decline in normal aging. The objective of this study was to determine whether ε2 and ε4 are associated with rates of normal cognitive aging, and whether associations of ε4 with cognitive decline are modified by sex, education or health behaviors (exercise, alcohol consumption, smoking). Method: A community-based sample of 1,393 older adults were genotyped for APOE and underwent cognitive assessment up to seven times over a maximum of period of 27 years. Results: ε2-carriers showed slower executive function decline with age relative to ε3 homozygotes or ε4-carriers, whereas ε4-carriers demonstrated more rapid executive function and verbal fluency decline. Accelerated executive function decline was particularly pronounced in ε4-carriers with lower education. After excluding individuals with cognitive impairment, faster executive function decline was still apparent in ε4-carriers, and the effect of ε4 on episodic memory interacted with alcohol consumption, such that only ε4-carriers who did not drink showed more rapid memory decline than ε4 noncarriers. The influence of ε4 on cognitive aging did not differ by sex, nor was it modified by smoking or exercise. Conclusions: These findings indicate that the ε2 and ε4 alleles have differential effects on cognitive aging, and that negative effects of ε4 may be partly mitigated by behavioral choices.
The apolipoprotein E (APOE) ε4 allele is one of the strongest genetic risk factors for sporadic Alzheimer's disease, whereas the ε2 allele is protective against Alzheimer's disease (Roses, 1996) . Relative to ε3 homozygotes, risk of Alzheimer's disease is increased an estimated 3.2 times in ε3/ε4 heterozygotes and 14.9 times in ε4 homozygotes, whereas risk is reduced 1.7 times for carriers of the ε2 allele (Farrer et al., 1997) . In contrast to this clear association with Alzheimer's disease, effects of APOE on cognitive change in normal aging are less well understood.
Cross-sectional studies in nondemented older adults have suggested that APOE-ε4 is associated with impaired memory, executive function, processing speed and global cognitive function (Small, Rosnick, Fratiglioni, & Bäckman, 2004; Wisdom, Callahan, & Hawkins, 2011) . Although there have been fewer longitudinal investigations on cognitive change as a function of APOE genotype, several studies have reported more rapid cognitive decline for ε4-carriers than noncarriers (Bretsky et al., 2003; Caselli et al., 2009; De Jager et al., 2012) . Others, however, found no differences in rates of change between ε4-carriers and noncarriers . These discrepancies may be due to methodological differences, for instance in sample size, length of followup, and neuropsychological assessments used, or to differences in participant characteristics or health. Inclusion of individuals with unrecognized or prodromal dementia may inflate rates of decline for ε4-carriers. Efforts to resolve this concern by excluding cognitively impaired individuals have yielded mixed results; cognitive decline in ε4-carriers remained elevated in some studies (Albrecht et al., 2015; Caselli et al., 2009; Christensen et al., 2008) , while others reported no difference between carriers and noncarriers (Batterham, Bunce, Cherbuin, & Christensen, 2013; Praetorius, Thorvaldsson, Hassing, & Johansson, 2013) .
Differences between cohorts in demographic and health-related factors that may modify APOE effects could contribute to discrepant reports. For example, effects of APOE on risk for Alzheimer's disease differ by age, sex and ethnicity (Farrer et al., 1997) , as well as by modifiable factors such as education (Ferrari et al., 2013; Wang et al., 2012) , physical activity (Kivipelto et al., 2008; Rovio et al., 2005) , alcohol consumption (Anttila et al., 2004; Mukamal et al., 2003; Virta et al., 2010) and smoking (Kivipelto et al., 2008; Ott et al., 1998) . It is unclear whether these factors moderate effects of APOE on normal cognitive aging, as only a handful of studies have evaluated effects of education (Seeman et al., 2005) , exercise (Niti, Yap, Kua, Tan, & Ng, 2008; Podewils et al., 2005; Schuit, Feskens, Launer, & Kromhout, 2001) , alcohol consumption (Dufouil et al., 2000) , or smoking (Bangen et al., 2013; Dufouil et al., 2000; Reitz, Luchsinger, Tang, & Mayeux, 2005) on the association of APOE with cognitive decline. It has been proposed that ε4 is a vulnerability gene, enhancing susceptibility to both the positive and negative effects of environmental or health factors on brain health (Sachs-Ericsson, Sawyer, Corsentino, Collins, & Blazer, 2010) . Although findings are mixed, this explanation is supported by reports that stimulating leisure activities, exercise, moderate drinking, and abstaining from smoking are particularly cognitively protective for ε4-carriers (Carmelli, Swan, Reed, Schellenberg, & Christian, 1999; Kivipelto et al., 2008; Niti et al., 2008; Smith, Nielson, Woodard, Seidenberg, & Rao, 2013) .
Effects of the ε2 allele on normal cognitive aging have been less frequently studied, perhaps due to its low prevalence (8% in Caucasians [Zannis, Just, & Breslow, 1981] ). Findings from the few studies that examined effects of ε2 on cognitive aging are inconclusive. Some have reported that ε2-carriers decline more slowly than noncarriers on tests of memory, verbal ability, executive function or global cognitive function (Davies et al., 2014; Helkala et al., 1996; Wilson, Bienias, Berry-Kravis, Evans, & Bennett, 2002; Yaffe, Cauley, Sands, & Browner, 1997) , while others found no effect of ε2 on rates of cognitive change Schiepers et al., 2012) . With the exception of the meta-analyses reported by Davies et al. (2014) , which identified a nominally significant association of ε2 with slower cognitive decline only among women, these studies had relatively few ε2-carriers or short follow-up periods.
In the present study we examined effects of APOE genotype on trajectories of change in global cognition, episodic memory, executive function and verbal fluency in a large, well-characterized population-based cohort of community-dwelling older adults followed for up to 27 years. We aimed to determine whether ε2 and ε4 are differentially associated with rates of cognitive decline in normal aging, and whether effects of ε4 on cognitive aging are modified by sex, education or health-related behaviors, including exercise, alcohol consumption and smoking. We further examined ε4 effects after excluding individuals with evidence of cognitive impairment to minimize possible inclusion of individuals with prodromal Alzheimer's disease. We hypothesized that ε2-carriers and ε4-carriers would show slower and more rapid cognitive decline than noncarriers, respectively, that negative effects of ε4 would be mitigated by higher education and healthy behaviors, and that ε4 effects would be apparent even within cognitively intact individuals. Because the ε4 allele is associated with earlier mortality (Hayden et al., 2005) and cognitive decline accelerates in the years before death (Wilson, Beckett, Bienias, Evans, & Bennett, 2003) , we used joint models of cognitive decline and time to death (Rizopoulos, 2010) to assess whether differences in rates of cognitive decline by ε4 status arose from differences in mortality.
Materials and Methods

Study Participants
Participants were southern California residents who were members of the Rancho Bernardo Study (RBS), a longitudinal study of community-dwelling older adults established in 1972. Cognitive function was first assessed at the 1988 -1992 visit, considered baseline for the current study. Repeated assessments occurred approximately every four years thereafter, with the most recent assessment in 2014 -2016. A total of 1,448 RBS participants who completed cognitive testing at the 1988 -1992 visit and had complete genetic data were eligible for study inclusion. Of these, 16 were excluded due to missing education information. Because of the opposing effects of the ε2 and ε4 alleles on Alzheimer's disease risk, participants with the ε2/ε4 genotype (N ϭ 39) were excluded. The final sample included 1,393 participants, aged 44 -99 (mean Ϯ SD ϭ 73.2 Ϯ 9.5 years; 90% aged 60 or older; 59% women) at baseline. (Tombaugh, McDowell, Kristjansson, & Hubley, 1996) evaluates orientation, attention, language and memory to yield a measure of global cognition with a maximum score of 30. Trails B (Reitan, 1958) requires participants to connect alternating letters and numbers in This document is copyrighted by the American Psychological Association or one of its allied publishers.
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sequence, with a maximum completion time of 300 seconds, to provide a measure of psychomotor tracking and executive function. The category fluency test (Borkowsk, Benton, & Spreen, 1967) assesses verbal semantic fluency by having participants name as many unique animals as possible in 60 seconds. The Buschke-Fuld Selective Reminding test (Buschke & Fuld, 1974) measures verbal episodic memory, requiring participants to recall as many words as possible from a list of 10 words read by the examiner. Participants are reminded of any forgotten words and asked to recall all 10 words again; this process is repeated six times. The number of correctly recalled words over all six trials (total recall) was analyzed.
Participant Genetic and Lifestyle Assessment
Data on participant health behaviors were collected at each clinic visit through standardized questionnaires. Participants reported whether they exercised regularly three or more times per week, how many alcoholic beverages they consumed during an average week, and whether they never, previously or currently smoked. Individuals were classified as drinkers if they reported any weekly alcohol consumption in an average week, and nondrinkers if they reported no alcohol consumption during an average week. Education level was acquired at enrollment and participants were classified as those attended some college or those who attended high school or less. Waist-to-hip ratio was used as an estimate of central obesity. Self-assessed health was reported on a five-point scale (excellent, very good, good, fair, poor). Measures of motor speed and depression were not acquired at the baseline assessment. However, these measures were available on participants who attended at a later visit (1997) (1998) (1999) in which depressed mood was assessed with the Beck Depression Inventory, and physical function and motor speed were assessed with the Timed Up and Go test (Dam, von Muhlen, & Barrett-Connor, 2009 ).
ApoE genotype was determined as previously described (Siest et al., 1995) . DNA was extracted by Sequana Therapeutics (La Jolla, CA) using standard techniques (Puregene; Gentra, Minneapolis, MN). Participants were classified as ε4-carriers (ε3/ε4 or ε4/ε4), ε2/ε3 and ε3/ε3; the cohort did not contain any ε2-homozygotes.
Statistical Analysis
Demographic and behavioral characteristics at baseline were compared between APOE groups (ε2/ε3, ε3/ε3, ε4-carrier) using univariate analysis of variance (ANOVA) for continuous variables, and chi-squared tests for categorical variables. Comparison of baseline cognitive test scores by APOE genotype were adjusted for age, sex and education.
Mixed-effects regression models were used to investigate effects of APOE on age-related change on each cognitive test. Models included intercept and age as random effects, which allow individual subject baseline levels (intercept) and slopes to vary randomly about the mean trajectory described by the fixed effect terms. Models included linear and quadratic age terms, as well as fixed effects of sex, education (some college/less than college) and APOE status (ε2/ε3, ε3/ε3, and ε4-carriers). Retest effects, coded as 0 for first assessment and 1 for all subsequent assessments, were included for Trails B and MMSE, as we previously found significant practice effects for these tests (Frank, Wiederholt, Kritz-Silverstein, Salmon, & Barrett-Connor, 1996; Reas et al., 2017) . Interaction terms were included to assess whether agerelated change differed by APOE status, whether APOE interacted with quadratic age effects, and whether the effect of APOE on cognitive change was modified by sex or education. Because interaction terms of APOE ϫ Age ϫ Sex and of APOE ϫ Age 2 were not significant, these terms were omitted from the final models. Models were repeated with adjustment for lifestyle factors, including exercise (regular exercise three or more times weekly; yes/no), alcohol consumption (nondrinker/drinker), smoking (never/ever) as time-varying covariates.
To further test our a priori hypotheses that ε4 is associated with more rapid age-related change, and that ε4 increases vulnerability to negative health behaviors, models stratified APOE status as ε4-carrier versus noncarrier. Linear mixed effects models examined rates of change on each test, adjusting for age, education, and retest effects as described above, and after further adjustment for exercise, alcohol consumption and smoking status. To evaluate whether effects were due to differences in survival, minimally adjusted joint effects models were constructed, using a survival model including age, sex, education and APOE. Separate mixedeffects models were run examining interactions of the association of ε4 and age-related cognitive change with exercise, alcohol consumption, and smoking. Because preliminary analyses showed no differences between moderate (Ͻ1 drinks/day for women, Ͻ2 drinks/day for men) and heavy (1 ϩ drinks/day for women, 2 ϩ drinks/day for men) drinkers, alcohol consumption was classified as nondrinker/drinker. These models included age (linear and quadratic) as random effects, and sex, education (years of education), ε4 status, retest (Trails B, MMSE), and the time-varying lifestyle variables as fixed effects, as well as three-way interaction terms (age, ε4, lifestyle variable).
Because ε4 is a risk factor for Alzheimer's disease, and because individuals with incipient dementia demonstrate accelerated cognitive decline prior to diagnosis (Machulda et al., 2013; Petersen et al., 1999) , analyses comparing ε4-carriers to noncarriers were repeated after excluding individuals with evidence of cognitive impairment. We defined cognitive impairment as an MMSE score greater than two standard deviations below sex-, age-, and education-adjusted means at either first or last assessment, based on normative data from the National Alzheimer's Coordinating Center Uniform Data Set (Shirk et al., 2011) .
Rates of cognitive aging may be affected by declines in physical health, depression, or in the case of the Trails B test, motor slowing. Thus, models comparing ε2/ε3, ε3/ε3, and ε4-carriers were repeated with additional adjustment for overall health.
p values for two-sided tests are shown; p Ͻ .05 was considered statistically significant. Data were analyzed using SAS v9.3 (SAS Institute, Cary, NC). The JointModel package (Rizopoulos, 2010) in R (R Foundation for Statistical Computing, Vienna, Austria) was used to assess the influence of survival on rates of cognitive decline associated with ε4 status.
Results
Participant Characteristics
ε4-carriers comprised 22% of the sample (ε3/ε4 N ϭ 305; ε4/ε4 N ϭ 1); ε2-carriers comprised 14% (ε2/ε3 ϭ 196), and the remaining 64% were ε3 homozygotes (N ϭ 891). Participants This document is copyrighted by the American Psychological Association or one of its allied publishers.
completed an average of 2.8 (Ϯ 1.8) cognitive assessments and were followed for an average of 7.4 (Ϯ 7.3) years (maximum 27 years). Twenty-one percent of participants attended five or more cognitive assessments; 24% attended three or four, 21% attended two, and 34% attended one. Participant demographic, lifestyle and baseline cognitive data by APOE status are presented in Table 1 . Participants did not differ by APOE genotype on any demographic or lifestyle measure or, after adjustment for age, sex and education, on baseline cognitive performance on any test (ps Ͼ 0.10). There were no significant interactions between APOE status and sex or education for any cognitive test (ps Ͼ 0.05).
Effects of APOE on Cognitive Change With Age
Performance declined significantly as a function of age on all tests. In minimally adjusted linear effects models (Table 2) , ε2 and ε4 interacted with age for Trails B, with slower decline for ε2/ε3 (p ϭ .02) and more rapid decline for ε4-carriers (p ϭ .05) than for ε3/ε3 participants (Figure 1 ). After further adjustment for exercise, alcohol consumption and smoking, these effects remained significant (ε2, p ϭ .02; ε4, p ϭ .04). On the category fluency test ε2 was associated with slower decline (p Ͻ .05), and there was a trend for faster decline in ε4-carriers (p ϭ .05). There were no main effects of APOE status on MMSE or total recall scores.
Effects of Health and Lifestyle on Cognitive Change With Age in 4-Carriers
To further explore effects of health and lifestyle on cognitive change in ε4-carriers, ε4-carriers were compared with all noncarriers. ε4-carriers and noncarriers did not differ on any demographic or lifestyle measure or on baseline cognitive performance (ps Ͼ 0.05). Parameter estimates from minimally adjusted models comparing ε4-carriers and noncarriers are presented in Table 3 . As reported above, ε4 interacted with age on Trails B (p Ͻ .001) and category fluency (p ϭ .005), with faster decline for ε4-carriers than noncarriers. The effect of ε4 on age-related decline differed by education for Trails B (p ϭ .008); only ε4-carriers without a college education declined faster than noncarriers (Figure 2 ). Although a similar pattern of faster decline for ε4-carriers without college education was observed for the other tests, the interactions were not significant.
Adjusting for exercise, alcohol consumption and smoking did not affect the interactions between age and ε4 on Trails B (p Ͻ This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
.001) or category fluency (p ϭ .006) performance, nor did it alter the interaction among age, ε4 and education on Trails B performance (p ϭ .008). Effects of ε4 on age-related change did not differ by exercise or smoking on any test (ps Ͼ 0.10). The interaction of alcohol consumption with ε4 on age-related change approached significance (p ϭ .06) for total recall.
Effects of 4 on Cognitive Change in Cognitively Intact Participants
Analyses comparing ε4-carriers and noncarriers were repeated after excluding 383 participants with cognitive impairment (MMSE score Ͼ2 SD below sex-, age-, and education- This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
adjusted mean at first or last assessment). Relative to cognitively intact participants, impaired participants were older at baseline, included a greater proportion of men, had higher waist-to-hip ratios, participated in fewer cognitive assessments and for a shorter follow-up period, and performed worse on all cognitive tests at baseline (ps Ͻ 0.001; Table 4 ). Among the cognitively intact cohort (N ϭ 1,010), ε4-carriers and noncarriers did not differ on any demographic measure, or on baseline test performance. APOE effects in the cognitively intact subgroup were generally consistent with those in the full cohort. ε4-carriers declined more rapidly than noncarriers on Trails B (p ϭ .01); but the effect of ε4 on category fluency decline was no longer significant (p ϭ .16). The modifying effect of education on decline by This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
APOE status on Trails B performance approached significance (p ϭ .09). The interaction of alcohol consumption with ε4 on age-related change in total recall was significant (p ϭ .01; Figure 3 ). Steeper memory decline with age was only observed for ε4 carriers who did not drink. Rates of memory decline did not differ by alcohol consumption for ε4 noncarriers.
Effects of Survival on Associations Between APOE and Cognitive Decline
To determine whether survival differences influenced the association of ε4 with cognitive decline, analyses were repeated using joint models. Overall, ε4 was not associated with increased risk of earlier mortality (HR ϭ 1.14; p ϭ .11) and results were essentially unchanged in joint models accounting for survival effects: The ε4 by age interactions remained for Trails B (p Ͻ .001) and category fluency (p ϭ .007), and the three-way interaction among ε4, age and education remained significant for Trails B (p Ͻ .001).
Effects of Health, Motor Slowing, and Depression
All associations between APOE status and cognitive change remained significant after additional adjustment for self-reported health. 
Discussion
APOE genotype is an established risk factor for Alzheimer's disease; however, its role in normal cognitive aging is unclear. Our results showed that relative to ε3 homozygotes, ε2 carriers showed slower executive function decline with age, whereas ε4 carriers showed faster decline, even after exclusion of individuals with evidence of cognitive impairment. Education and alcohol moderated the negative effects of ε4 on age-related decline. Adjusting for differences in survival did not alter the association of ε4 with cognitive decline.
We observed slower rates of decline on Trails B, a test of executive function and psychomotor processing speed, and category fluency, a test of executive function and semantic processing, for ε2-carriers compared to ε3 homozygotes. Other studies have found reduced decline for ε2-carriers in other cognitive domains, including memory, verbal ability and global cognitive function (Davies et al., 2014; Helkala et al., 1996; Kim et al., 2017; Wilson et al., 2002) , whereas most that have examined executive function or processing speed reported no association between ε2 and rates of decline (Helkala et al., 1996; Kim et al., 2017; Wilson et al., 2002) . Although Yaffe et al. (1997) reported slower executive function decline for ε2-carriers assessed with the Digit Symbol test, they observed no effect of ε2 on the Trails B test. Our longer follow-up period may have enabled us to detect effects of ε2 on Trails B.
In contrast, the ε4 allele was associated with accelerated agerelated decline on Trails B and category fluency. Executive func- This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
tion and processing speed are among the domains most susceptible to decline in normal aging but are typically less affected than memory in initial stages of Alzheimer's disease. This vulnerability of executive function to APOE is consistent with other studies that also found an effect of ε4 on age-related change in executive function (Caselli et al., 2011; Wilson et al., 2002) , and with neuroimaging studies reporting that ε4 is associated with thinner frontal cortex (Fennema-Notestine et al., 2011) and increased functional activation during performance of executive function tasks (Wishart et al., 2006) . Because the Trails B test measures psychomotor processing speed, motor slowing may have contributed to age-related declines in Trails B performance; however, adjustment for physical health did not alter this association and scores on a test of motor speed did not differ by APOE status, suggesting that physical function was unlikely to be driving the observed association between APOE and Trails B decline. APOE effects on Trails B decline remained significant after excluding individuals with cognitive impairment. Our results are consistent with a prior study showing that, after excluding cognitively impaired individuals, ε4-carriers demonstrated deficits on a test of executive function and processing speed while performance on a range of other neuropsychological tests was comparable to noncarriers (Foster et al., 2013) . These findings suggest that ε4 may regulate the progression of biological changes associated with aging, possibly independent of pathology related to dementia. In our study, effects of ε4 on category fluency decline were significant in the full sample, but not after exclusion of individuals with cognitive impairment. This is consistent with prior studies that reported no association between APOE and verbal fluency decline in cognitively healthy older adults Schiepers et al., 2012) . Since category fluency is impaired in individuals with mild cognitive impairment and mild Alzheimer's disease (Monsch et al., 1992; Mueller et al., 2015) , accelerated category fluency decline among our full sample may have been due to inclusion of individuals with prodromal or early Alzheimer's disease.
Memory is the most consistently reported cognitive domain to be affected by ε4 in normal aging (Albrecht et al., 2015; Caselli et al., 2015; Schiepers et al., 2012 ), but we did not observe a main effect of APOE on memory decline. Given that memory is one of the earliest cognitive functions affected in Alzheimer's disease, inclusion of individuals with dementia may have contributed to the association of ε4 with memory decline observed in prior studies Dik et al., 2000; Ma, Wang, Miao, Zhao, & Wang, 2011; Packard et al., 2007; Praetorius et al., 2013) . However, ε4 may accelerate memory decline even in individuals who remain free of cognitive impairment (Schiepers et al., 2012) . One possible reason for our discrepant findings may be that ε4 effects are dose-dependent, with strongest effects among ε4 homozygotes (Packard et al., 2007) . Our sample included only one ε4 homozygote, whereas other studies were enriched for ε4 homozygotes (Caselli et al., 2015) or included a larger proportion of ε4 homozygotes than our study Packard et al., 2007; Schiepers et al., 2012) .
Another possibility for inconsistent APOE effects on change in memory may relate to variability across samples in moderating factors. We found that alcohol intake interacted with the effect of APOE on memory decline: only ε4-carriers who did not drink declined faster than noncarriers. The RBS cohort has a much smaller proportion of nondrinkers than nationally representative samples (McEvoy, Kritz-Silverstein, Barrett-Connor, Bergstrom, & Laughlin, 2013) ; thus, ε4 effects on memory decline may be more apparent in samples with larger proportions of nondrinkers.
Our finding of more rapid memory decline among ε4-carriers who did not drink is consistent with prior suggestions that moderate drinking protects against memory decline in aging (Richards, Hardy, & Wadsworth, 2005; Stampfer, Kang, Chen, Cherry, & Grodstein, 2005) , and with reports that the cognitive benefits of moderate alcohol consumption are stronger for ε4-carriers than noncarriers (Carmelli et al., 1999 ). Yet other studies have reported beneficial associations of alcohol with cognitive aging among noncarriers only (Downer, Zanjani, & Fardo, 2014; Dufouil et al., 2000) , or found no interaction between ε4 status and alcohol intake on cognitive decline (Herring & Paulson, 2018) . However, these studies were smaller, had shorter follow-up periods, did not exclude individuals with cognitive impairment, and were characterized by different drinking patterns. Furthermore, considering evidence that heavy drinking is associated with increased risk of dementia particularly among ε4-carriers (Anttila et al., 2004; Mukamal et al., 2003) , it is possible that a J-shaped dose-response curve may be accentuated in ε4-carriers, with excessive alcohol consumption being particularly detrimental to cognitive health. Our cohort is characterized by high rates of moderate drinking (Ͻ1 drinks/day for women, Ͻ2 drinks/day for men) with few excessive drinkers; thus, we cannot rule out the possibility that the moderating effect of alcohol on the association of ε4 with memory decline may differ among heavier drinkers. The association of alcohol intake with slower memory decline that we observed for ε4-carriers was strengthened after excluding cognitively impaired participants, suggesting that it was not driven by a higher likelihood of abstaining ε4-carriers to exhibit memory decline due to incipient dementia.
Education may also affect rates of cognitive aging, and its effects may be strongest in ε4-carriers (Ferrari et al., 2013; Wang et al., 2012) . In our sample, ε4-carriers with lower education exhibited faster executive function decline than ε4-carriers with some college. ε4-carriers with a college education did not differ in rates of decline from noncarriers, suggesting that higher education may help counteract genetic risk for cognitive impairment in older age. Our findings align with Seeman and colleagues (2005) who reported more rapid decline for ε4-carriers than noncarriers in those with at least some high school education, a group which largely overlaps with our low education group. The positive association between education and change in executive function for ε4-carriers that we observed was weakened after excluding individuals with cognitive impairment. Thus, high educational attainment may be particularly important for slowing executive function decline in those at greatest risk for dementia.
APOE ε4 is associated with increased risk of early mortality, especially among homozygotes (Hayden et al., 2005) , and early mortality could contribute to accelerate cognitive decline in ε4 carriers, due to "terminal decline" (Wilson et al., 2003) . However, our results were unchanged in joint models incorporating survival. Furthermore, we observed no difference in self-assessed health by APOE genotype, and results were unaltered by adjustment for health. Though we were unable to directly examine the influence of psychological health on cognitive decline, depression ratings were similar across APOE genotypes and correlated with health This document is copyrighted by the American Psychological Association or one of its allied publishers.
ratings, which did not confound our results. Thus, differences in longevity or ailing physical or mental health were unlikely to underlie our findings. This study included a large, relatively homogeneous sample, which limits our ability to generalize findings to diverse populations, but minimizes confounding due to heterogeneity in socioeconomic status, ethnicity or access to health care. RBS has high participation rates and a maximum follow-up period of 27 years, one of the longest follow-up periods in studies of APOE and cognitive aging. We also examined effects of APOE on cognitive decline after excluding individuals with cognitive impairment, minimizing concern that accelerated cognitive decline in ε4-carriers was driven by incipient dementia. However, we cannot exclude the possibility that latent neurodegenerative changes were present in our sample even after screening based on MMSE scores, since Alzheimer's-related pathology is present prior to onset of cognitive symptoms (Price & Morris, 1999) . Since our cohort included only one ε4 homozygote and no ε2 homozygotes, we were unable to examine allele dose-effects or to detect effects related to ε4 or ε2 homozygosity. Finally, because of the relatively small number of ε2-carriers, we were unable to examine effect modification by health or lifestyle factors in ε2-carriers. Given the low prevalence of ε2-carriers in older samples, it may be necessary to combine data across cohorts to replicate our findings and to more fully investigate how ε2 effects interact with environmental exposures to affect cognitive health.
In summary, this study demonstrated differential effects of the APOE ε2 and ε4 genotypes on cognitive decline in normal aging, with slower decline among ε2-carriers and accelerated decline among ε4-carriers. Executive functions, which are most susceptible to aging but are not typically strongly affected in early stages of Alzheimer's disease, demonstrated the strongest effects of APOE. The association between cognitive aging and ε4 was modified by education and alcohol consumption, suggesting that modifiable lifestyle factors may attenuate genetic risk for accelerated age-related cognitive decline. These findings advance our understanding of the complex interactions between genetics and lifestyle on cognitive aging and may help to guide optimal behaviors to preserve cognitive health into late life.
